r The medial entorhinal cortex (mEC) has an important role in initiation and propagation of seizure activity. Several anatomical relationships exist in neurophysiological properties of mEC neurons; however, in the context of hyperexcitability, previous studies often considered it as a homogeneous structure.
Introduction
The medial entorhinal cortex (mEC) occupies a pivotal anatomical position, acting as a gateway between the hippocampus proper and other cortical regions (Amaral & Witter, 1989; Canto et al. 2008) . Functionally, it plays a key role in the encoding of spatial information, via grid, border, head direction and speed cells (Hafting et al. 2005; Solstad et al. 2008; Giocomo et al. 2014; Kropff et al. 2015) , information which feeds onto, and is modulated by, hippocampal place cells (Brun et al. 2008; Bonnevie et al. 2013) . Grid cells are organized in a highly topographically modular manner along the dorso-ventral axis of the mEC. Thus, neurons of dorsal mEC have firing fields which are close together, while those in ventral mEC have firing fields further apart (Hafting et al. 2005; Stensola et al. 2012) . This functional anatomical arrangement is mirrored by correlative dorso-ventral anatomical relationships in the intrinsic and synaptic properties of layer 2 stellate neurons (Giocomo et al. 2007; Garden et al. 2008; Boehlen et al. 2010; Navratilova et al. 2012; Pastoll et al. 2012; Yoshida et al. 2013; Booth et al. 2016) . For instance, stellate cells in the ventral mEC have higher input resistances, smaller medium afterhyperpolarizing potentials and a wider synaptic integration window than equivalent cells in the dorsal mEC. Many (although not all) of these dorso-ventral variations in neurophysiology arise from a gradient in I h -mediated sag potentials. For example, the sag time constant in mEC stellate cells varies considerably along the dorso-ventral axis, particularly in juvenile/young adult mice (Boehlen et al. 2010) , although these differences may diminish later in development (Boehlen et al. 2010; Booth et al. 2016 ). These differences in sag time constant likely arise from differences in I h amplitude (Garden et al. 2008) and/or activation time constants (Giocomo & Hasselmo, 2008) .
In addition to these dorso-ventral gradients in stellate cell intrinsic neurophysiology, an inhibitory gradient exists along the dorso-ventral axis of the mEC, with stellate cells in the dorsal mEC receiving a greater number of inhibitory inputs (Beed et al. 2013) . This variance in inhibitory synaptic inputs, combined with the gradients in intrinsic membrane properties, ultimately results in a gradient in physiological network rhythms, such as gamma band oscillations recorded in brain slices (Beed et al. 2013; Booth et al. 2016) , in anaesthetized (Beed et al. 2013 ) and awake behaving (Booth et al. 2016) mice. Specifically, in the dorsal mEC, gamma oscillations are larger in amplitude (Beed et al. 2013; Booth et al. 2016) and may have a higher peak frequency (Booth et al. 2016) .
Despite this wealth of recent research into the functional properties of subregional differences within the mEC, little is known about their impact on pathophysiological network activity. For example, bath application of the K + channel blocker 4-aminopyridine (4-AP) is capable of inducing epileptiform network activity in brain slices prepared from various hippocampal and cortical regions, including the entorhinal cortex (D'Antuono et al. 2010; Berretta et al. 2012; Avoli et al. 2013b; Losi et al. 2015) . This activity consists of brief (<1 s) interictal-like events and more prolonged (>5 s) ictal-like events (Avoli et al. 2013a ). This type of activity provides a useful approach to model the network mechanisms underlying hyperactive neural activity associated with seizures.
In this study, we have used parasagittal slices of the mEC to examine the influence functional dorso-ventral gradients may have on the generation and propagation of epileptiform activity in this brain area. We propose that the specific anatomical arrangement of physiological features that enables effective spatial information processing in the mEC may have implications for the pathological hyperexcitability observed under epileptic seizure conditions.
Methods

Ethical approval
All procedures were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986 and were approved by the University of Exeter Animal Welfare and Ethical Review Body.
Slice preparation
Male C57/BL6 mice (aged 6-12 weeks) were bred at the University of Exeter and housed on a 12:12 h light-dark cycle with ad libitum access to food and water. Mice were killed by cervical dislocation and the brain rapidly extracted and placed in a cold (ß4°C), oxygenated sucrose-based solution, comprising (in mM): sucrose (189), D-glucose (10), NaHCO 3 (26), KCl (3), MgSO 4 (5), CaCl 2 (0.1) and NaH 2 PO 4 (1.25). The cerebellum was removed and the remaining brain tissue hemisected. Using a vibrating blade microtome (VT1200, Leica Microsystems, Wetzlar, Germany), parasagittal brain slices (400 μm thick), containing the mEC, were prepared whilst immersed in the sucrose-based cutting solution. After cutting, the slices were immediately removed to a holding chamber containing oxygenated (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (aCSF) comprising (in mM): NaCl (124), KCl (3), NaHCO 3 (24), MgSO 4 (1), D-glucose (10) and CaCl 2 (1.2). The slices were gradually warmed to ß37°C (for 30 min) and then maintained at room temperature (ß20°C, for at least another 30 min) until ready for use. Whole slices were then transferred to an interface-style recording chamber maintained at 34 ± 1°C and allowed to equilibrate for a further 30 min. Epileptiform activity was induced by bath application of either 4-AP (100 μM; Sigma-Aldrich, Poole, UK), picrotoxin (50 μM; Tocris Bioscience, Bristol, UK) and kainic acid (500 nM; Sigma-Aldrich), or aCSF containing 0-Mg 2+ , with each approach conducted on separate slice preparations. 4-AP was followed by co-application of GABA A receptor modulators acting at the benzodiazepine binding site, either diazepam (positive) or Ro19-4603 (negative) (Wong & Skolnick, 1992 ; Tocris Bioscience). In a distinct subsection of slices used for kainate/picrotoxin experiments, a scalpel blade was used to make a cut in the intermediate mEC immediately after slice preparation, thus anatomically separating dorsal and ventral portions.
Data acquisition
Continuous extracellular recordings were made using one of two approaches: (1) a single 16-channel silicone probe consisting of 16 individual shanks (55 μm wide, 100 μm apart), with a single electrode contact point at the end of each shank (Neuronexus, Ann Arbor, MI, USA; probe cat. no.: A16×1-2mm-100-177), positioned in layer 2/3 (ß200 μm from surface), parallel to the dorso-ventral axis of the mEC; or (2) pairs of glass micropipettes (filled with aCSF) positioned at the dorsal and ventral ends of the mEC. In a few experiments both a 16-channel probe (in layer 5/6) and two glass electrodes (in layer 2) were used simultaneously. Dorsal recording electrodes were positioned 100-200 μm ventral to the entorhinal border (to ensure placement within the mEC proper), with silicon probe arrays spanning the subsequent 1.5 mm of the mEC. For glass electrode recordings, the ventral electrode was also positioned 100-200 μm from entorhinal border. The positions of these borders were estimated by comparison to the Allen Mouse Brain Atlas (2004) . For the silicone probe recordings, data were recorded using a 32-channel amplifier (RHD2132; Intan, Los Angeles, CA, USA) coupled to an open-source acquisition board (Open Ephys Inc., Cambridge, MA, USA). These data were band-pass filtered (1-500 Hz) and digitized at 2 kHz. For the glass electrode experiments, data were recorded using the two channels of a MultiClamp 700A (in I = 0 mode; Molecular Devices, Sunnyvale, CA, USA), band-pass filtered at 1 Hz to 1 kHz and digitized at 5 kHz, using Clampex 10.4 software (Molecular Devices). All data were stored on the hard drive of a PC for off-line analysis.
Data analysis
Data were analysed using built-in and custom-written functions in Matlab (The MathWorks Inc., Natick, MA, USA). Interictal and ictal bursts were identified using a threshold detection algorithm. Periods containing ictal-like activity were identified manually. For each ictal-like event, data were filtered (10-50 Hz or 50-250 Hz) and spectral power calculated for 0.5 s bins of data. Burst initiation in each channel was determined by the first time period over a threshold of 1.5-3 standard deviations from the mean. For interictal activity, data were filtered (0.5-10 Hz) and individual burst waveforms extracted (window size = 0.9 s) from each recording probe. The resulting waveforms were grouped using an unsupervised k-means clustering algorithm (from the Matlab 2016a Statistics and Machine Learning Toolbox; distance measure was the sum of absolute differences). The most appropriate number of clusters (k) was the solution (where k > 1 and < 10) which resulted in the highest mean silhouette value.
Ictal burst start time for each electrode was plotted relative to the first recorded threshold crossing and slope of ictal propagation calculated in μm s −1 for each burst. We analysed two to six ictal discharges per slice and, since the slope value did not vary significantly over the course of these events, we calculated a mean slope value for each slice. For analysing within-burst properties, cross-correlation analysis was performed on 1 s time bins of data between the most ventral recording site and each subsequent dorsal electrode. Dorsal-ventral cross correlations were performed, meaning that positive peaks in the cross correlation correspond to waveforms that occur first in ventral mEC. Interictal bursts were also measured by a variable threshold search and their frequency expressed as number of bursts in each 60 s bin. Cross-correlation analysis was also performed on time windows containing individual bursts.
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Statistics
Experimental groups were compared using paired or unpaired Student's t tests or two-way analysis of variance (ANOVA) for normally distributed data sets. For statistical analyses, each n refers to a slice. For some experiments more than one slice was used from a single animal; this is clearly stated in the text. Slopes of ictal initiation were produced by linear regression analysis of values relative to recording position on the probe. Results are displayed as means ± SEM in text and representative figures.
Results
While several studies have observed the effect of convulsant compounds on the mEC (Barbarosie & Avoli, 1997; Gnatkovsky et al. 2008; Berretta et al. 2012; Lévesque et al. 2016) , differences in hyperexcitability across the anatomical extent of this cortical area are less well understood. We therefore cut parasagittal slices containing mouse mEC and recorded electrical activity from 16 sites across the dorso-ventral axis, perfusing compounds commonly used to induce epileptiform activity. As reported previously (Nagao et al. 1996; Gulyás-Kovács et al. 2002; Gonzalez-Sulser et al. 2011) , bath application of 4-AP (100 μM) was shown to reliably induce both ictal-and interictal-like bursting activity in mEC (Fig. 1) . A wavelet transform-based time-frequency analysis of individual bursts revealed that interictal-like discharges consisted of waveforms which were readily apparent in the 1-10 Hz range. In contrast, ictal-like activity comprised repetitive, large amplitude events which were apparent in the 1-10 Hz range on the wavelet scaleogram, but in addition these longer discharges were also associated with higher frequency activity (50-120 Hz) ( Fig. 2A) .
Interictal-like activity comprised brief (<1 s) paroxysmal discharges which appeared to be relatively synchronous along the dorso-ventral axis of the mEC. We detected individual interictal-like event traces using a threshold detection approach. Using an unsupervised k-means clustering approach (see Methods) we grouped the waveforms based on the time of the peak of the waveforms. This approach usually resulted in two to three clusters of waveforms, which corresponded to bursts which were initiated at different sites. In the example in Fig. 3 , there was an approximately even split between interictal waveforms travelling in a ventral-to-dorsal and a dorsal-to-ventral direction (Fig. 3B) , suggesting that these bursts were initiated at multiple sites along the dorso-ventral axis of the mEC. The maximum time between interictal peaks across the 16 recording sites averaged 356 ± 30 ms (n = 10 slices from 8 animals).
Ictal-like discharges (>5 s) occurred in all the slices tested, appearing first after 1166 ± 148 s and continuing with an average interval of (259 ± 14 s). Interestingly, ictal activity was substantially more likely to be first detected in the most ventral mEC recording sites than those located in more dorsal aspects of mEC. In total 37/43 ictal bursts were first detected in ventral mEC compared to 6/43 in dorsal (Fig. 2B ). The propagation of activity from ventral to dorsal recording sites was shown to occur over a prolonged time frame (linear regression: R 2 = 0.95, P < 0.001, slope = 138 μm s −1 ), meaning that ictal activity in the most dorsal electrode occurred 14.7 ± 2.8 s (n = 10 slices from 8 animals) after the initiation of the event in the most ventral electrode on the recording array (Fig. 2D ). This pattern of activity was also observed using two glass electrodes placed at dorsal and ventral poles (paired t test; P = 0.03, n = 19 bursts/5 slices). Initially, this analysis was restricted to relatively low frequency components (10-50 Hz), but the same relationship was present when data were filtered in higher frequency bands (50-250 Hz), which more directly represent local neuronal firing (Fig. 2F , linear regression: R 2 = 0.95, P < 0.001, slope = 157 μm s −1 ). In several, but not all, cases, ictal-like discharges were immediately preceded by an interictal-like event (see Fig. 1Bc ). As with the interictal-like discharges not associated with the ictal events ( Fig. 3) , there was no consistent directionality of these ictal-associated interictal events. Thus, when we carefully examined the 5 s immediately preceding the ictal events we found that 6/30 ictal discharges were associated with interictal events travelling in a dorsal-to-ventral direction, 14/30 were associated with ventral-to-dorsal travelling interictal events and 10/30 were not associated with any preceding interictal event. Furthermore, there was no consistent relationship between the direction of the preceding interictal event and the subsequent ictal event (data not shown).
Closer examination of the burst waveforms within an ictal event indicated that the individual spike-wave discharges were initiated in the ventral regions of the mEC. To quantify this, cross correlations were performed on data binned across time between the most ventral recording site and each of the subsequent dorsal electrodes. Figure 4A and B shows recordings taken from dorsal and ventral poles of the electrode array, with dorsal-ventral cross-correlation values for each time bin displayed in the colour 'heatmap' axis ( Fig. 4Ab) . During the ictal bursting, activity across the dorsal and ventral electrodes became highly synchronous with largely positive lag time values, indicating that activity was largely led by the ventral mEC. The proportion of 1 s time bins with correlation peaks in the positive (ventral leading) was shown to be significantly greater during ictal events when compared to non-ictal bins (Fig. 4D , paired t test, P = 0.002, n = 10 slices from 8 animals). The lag times associated with the maximum correlation values were also observed to linearly increase with distance from the most ventral recording site. This indicates that within-burst activity spread in the ventral to dorsal direction (Fig. 4C , linear regression: R 2 = 0.93, P < 0.001, slope = (55.9 ± 5) × 10 3 μm s −1 ). Since ictal-like bursting activity has also been shown to be initiated in deeper mEC layers, we next recorded along the dorso-ventral axis of layer 5/6 mEC, with additional glass electrodes positioned in the superficial layers at either end of the recording array. Using this approach we found that, after application of 4-AP, ictal-like activity also occurred first in deep layer ventral recording sites, but there was no preference for bursting to be initiated in either deep or superficial mEC layers (Fig. 5B , burst start time relative to onset (ventral L2/3: 1.431 ± 0.59 s; ventral L5/6: 0.514 ± 0.23 s; dorsal L2/3: 7.5 ± 1.2 s; dorsal L5/6: 7.14 ± 0.96 s; 2-way repeated measures ANOVA, main effect, dorsal-ventral: F 1,10 = 56.5, P < 0.0001, layer: F 1,10 = 0.11, P = 0.75; n = 6) suggesting that ictal-like activity may originate from either cortical layer.
The relatively slow spread of 4-AP-induced ictal-like waveforms from ventral to dorsal recording sites suggests that some process regulates and dampens spike-wave propagation from the ventral to dorsal pole of the mEC. Since there is a gradient in GABAerigc inhibition along the dorso-ventral axis of the mEC (Beed et al. 2013; Booth et al. 2016) , we reasoned that a greater inhibitory drive onto principal cells in the dorsal mEC may be responsible for the slow spread of ictal-like discharge activity (Fig. 2) . To examine this hypothesis, we pharmacologically modulated GABA A receptors during pre-established 4-AP-induced ictal-like activity. Application of diazepam, a positive allosteric modulator of GABA A receptors, significantly decreased the speed of ictal propagation by ß2-fold ( Fig. 6Aa and B) , from 147.5 ± 23 to 64 ± 14 μm s −1 (Fig. 6Cb , paired t test, P < 0.001, n = 6 slices from 6 animals), with no significant difference in the extent of ictal propagation (4-AP: 907 ± 183 μm; 4-AP+diazepam: 682 ± 145 μm; unpaired t test: P = 0.3, n = 6 slices from 6 animals, data not shown). Conversely, the application of GABA A receptor inverse agonist, Ro19-4603, significantly increased propagation speed by ß7.5-fold (from 170.3 ± 45 to 1272.7 ± 117 μm s −1 ) when compared to paired baseline, such that burst initiation was almost instantaneous along the ventral to dorsal axis of the mEC (Fig. 6Db , paired t test, P < 0.001, n = 6 slices from 6 animals).
In order to determine whether the increased excitability of ventral mEC was specific to factors dependent on 4-AP application, we continued with alternative chemoconvulsant strategies. Another common approach for inducing epileptiform activity in vitro is the removal of Mg 2+ from the extracellular medium, producing hyperexcitability mediated by enhanced NMDA receptor activation (Jones & Heinemann, 1988; Jones, 1989; Bragdon et al. 1992; Traub et al. 1994; Whittington et al. 1995; Armand et al. 2000) . Bathing slices in aCSF containing 0-Mg 2+ was also capable of producing large, ictal-like waveforms. Similar to our findings with 4-AP application, discharges were almost always observed first in ventral recording sites ( Fig. 7A ; 24/26 ventral vs. 2/26 dorsal, n = 6 slices from 6 animals). Since the slope of ictal propagation has been shown to increase with continued 0-Mg 2+ exposure (Trevelyan et al. 2007b) , we restricted our observations to relatively early periods after Mg 2+ washout (30 min). Nevertheless, this approach was sufficient to see regular periods of ictal-like activity being initiated 1352 ± 66 s after removal of Mg 2+ and continuing to occur with an interval of 141 ± 32 s. The slope of ictal initiation was also shown to occur in the ventral to dorsal direction ( Fig. 7C ; 55.7 ± 9.4 μm s −1 ; 1-way ANOVA, F 1,7 = 8.6, P = 0.02, n = 6 slices from 6 animals). Compared to 4-AP-induced seizure activity, the directionality of within-burst discharges was more variable under 0-Mg 2+ . However across the duration of the ictal burst, there was a trend towards an increased proportion of time bins with correlation peaks in the positive (ventral leading) compared to non-ictal bins (Fig. 7D-F , paired t test, P = 0.06, n = 6 slices from 6 animals). The lag time associated with the maximum correlation values were also observed to linearly increase with distance from the most ventral recording site. This indicates that within-burst activity spread in the ventral to dorsal direction (Fig. 7E , linear regression: R 2 = 0.81, P < 0.001, slope = (35.8 ± 2) × 10 3 μm s −1 ). Trevelyan et al. (2007a) reported that in neocortical slices from juvenile mice, late 'intra-ictal' discharges induced by removal of Mg 2+ switched direction from the main ictal wavefront. In contrast, we found that in the majority of parasagittal mEC slices (5/6 slices), the ventral-to-dorsal directionality of individual discharges was maintained throughout the ictal burst (see Fig. 7D for a representative example). In one slice we did observe a switch from ventral-leading to dorsal-leading discharges approximately halfway through the ictal events (data not shown).
Our data suggest that local inhibitory networks provide tight control of epileptiform activity within the mEC. However, there are also strong gradients in the intrinsic electrical properties of excitatory stellate neurons within the mEC (Garden et al. 2008; Giocomo & Hasselmo, 2009; Boehlen et al. 2010; Booth et al. 2016) . To determine the contribution of dorso-ventral gradients in properties other than GABAergic inhibition to the generation of hyper-excitability, we used an additional pharmacological model, namely combined application . Interictal-like bursts are generated in both dorsal and ventral portions of the mEC A, an example recording of interictal-like bursts recorded using a 16-shank electrode array on parasagittal mEC slice. This 4.5 min segment of data was recorded between 2 ictal-like bursts (not shown). Numerous interictal-like bursts were observed, visible on this time scale as brief vertical deflections on the recording. B, individual bursts were detected and clustered into groups according to the time of the waveform peak. In this recording, two groups were identified, the average waveforms of which are depicted in a. b, silhouette plot of the resulting k-means clustering algorithm. c, the time of the average waveform peak (plotted relative to the time on the most ventral probe) for the two clusters. These data illustrate that interictal bursts are initiated at different points along the dorso-ventral axis of the mEC. C, probability histograms showing the maximum difference in interictal peak times across all 16 probes for 10 different slices. The mean (μ) maximum difference in peak times is shown for each distribution. These data illustrate that, on average, interictal bursts take 0.2-0.5 s to spread along the dorso-ventral axis of the mEC. of kainate (500 nM) and picrotoxin (50 μM). This approach both increased excitation via the excitatory (i.e. depolarizing) action of kainate on GluK receptor subtypes and produced a complete blockade of GABA A receptor-mediated inhibition in the mEC. This produced slow, interictal-like events at both dorsal and ventral recording sites (Fig. 8A and B) . Under these conditions, we observed that interictal-like bursting activity was led by ventral mEC, such that individual bursts were almost always initiated at the ventral end of the mEC (Fig. 8B-E) . Furthermore, the onset of bursting activity was also seen to appear first at ventral recording sites (434 ± 56 s after kainate/picrotoxin application) compared to those in the dorsal aspect of mEC (635 ± 98 s) (Fig. 8D , paired t test, P = 0.01, n = 8 from 5 animals), though upon reaching equilibrium bursting occurred uniformly across the mEC (Fig. 8C) .
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To further test the hypothesis that the ventral mEC is more excitable than the dorsal, we anatomically separated the two ends of the mEC with a scalpel cut (Fig. 9A ). This allowed us to observe whether the dorsal mEC would produce interictal bursting independently, rather than as a result of ventral mEC hyper-excitability. Cut slices produced interictal bursting in both ventral and dorsal recording sites. Similar to control (uncut) slices, bursting activity was first recorded in the ventral mEC after kainate/picrotoxin application ( Fig. 9D ; dorsal: 907 ± 184 s; ventral: 682 ± 145 s; paired t test, P = 0.025, n = 4, from 4 animals). However, in contrast to observations in intact control mEC slices, it was evident that events in cut dorsal mEC slices occurred at a slower rate when compared to ventral ( Fig. 9B and C) . At ventral mEC recording sites, burst frequency was similar between cut and control slices (Fig. 9D) . Conversely, bursts in the cut dorsal mEC occurred at a lower frequency than those in intact mEC slices (Fig. 9E) . As expected, the cross correlation between dorsal and ventral electrodes was largely absent following anatomical separation of the dorsal and ventral mEC, illustrating that the two regions had become desynchronized ( Fig. 9G and H, unpaired t test, P = 0.03, n = 4/8 slices from 4/5 animals). Taken together these findings suggest that the dorsal mEC is less likely to produce epileptiform activity in the absence of the ventral mEC.
Discussion
This study is the first to highlight the differential role of dorsal and ventral mEC in the generation of epileptiform events in vitro. In essence, we suggest that previously reported gradients in inhibitory networks (Beed et al. 2013) and intrinsic membrane properties (Garden et al. 2008; Giocomo & Hasselmo, 2009; Boehlen et al. 2010; Dodson et al. 2011; Pastoll et al. 2012; O'Reilly et al. 2015; Booth et al. 2016) combine to make the ventral mEC more prone than the dorsal mEC to the generation of pathological hyperexcitability.
Bath application of 4-AP resulted in complex neuronal network behaviours in parasagittal slices of the mEC, consisting of both ictal-and interictal-like spike-wave discharges (Fig. 1) . This combination of brief and prolonged epileptiform activity has been extensively studied previously, both in the entorhinal cortex (D'Antuono et al. 2010; Avoli et al. 2013b; Lévesque et al. 2016) and in other brain regions such as the hippocampus (Nagao et al. 1996; Gonzalez-Sulser et al. 2011; Berretta et al. 2012) . Nevertheless, the propagation of this activity within the entorhinal cortex has not previously been studied. Indeed, many of these previous studies have often considered the entorhinal cortex as a homogeneous structure. Using multi-site extracellular recording techniques, we first studied the interictal-like events which generally propagated along the full extent of the dorso-ventral axis of the mEC. By detecting individual bursts and statistically grouping them on the basis of the relative time of the waveform peak, we established that interictal-like discharges could be generated at multiple points along the dorso-ventral axis (Fig. 3) . Furthermore, we found that these bursts propagated from the site of origin to the furthest extent of our recording probes (maximum distance 1.5 mm) within a few tenths of a second.
In contrast, the slow time frame of the spread of the ictal-like activity was surprising. On average ictal-like events initiated in the ventral mEC spread dorsally with a velocity of ß160 μm s −1 , taking ß15 s to propagate to the most dorsal aspects of mEC. Similar results were obtained using Mg 2+ -free aCSF. Since interictal events appear to show no preference for directionality in this model, this may suggest that these different facets of epileptiform activity are governed by different mechanisms. Nevertheless, it is unclear from our results whether the precise timing of interictal events along the sagittal plane influenced the initiation of seizure activity under these conditions. The stereotyped propagation of ictal-like . Ac and Bc show time course of ictal burst slope before and after manipulation of GABAergic transmission. C, decreased ictal slope in an example slice after diazepam application (white) compared to 4-AP alone (grey); 3 ictal bursts shown pre-(1800-2400 s) and post-(3000-3600 s) drug, with mean slope decreasing ß2-fold (b); paired t test, P < 0.001, n = 6 slices from 6 animals. D, ictal propagation is faster after application of Ro19-4603 (a); paired t test, P < 0.001, n = 6 slices from 6 animals (b). * * * P < 0.001.
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events from ventral to dorsal mEC was evident in both the low (10-50 Hz) and the high (50-250 Hz) frequency components of ictal waveforms (Fig. 2D-F) . The presence of high frequency activity along the entire dorso-ventral axis suggests active recruitment of these areas to the ictal core, since this activity is more likely to represent the direct firing of a substantial population of mEC neurons in response to hyperexcitability (Schevon et al. 2012; Weiss et al. 2013 Weiss et al. , 2015 . Once ictal-like behaviour was apparent in both dorsal and ventral poles of the mEC, spike-wave discharges became tightly synchronized, albeit with the ventral burst generally preceding the dorsal by a few milliseconds. This was the case for both 4-APand 0-Mg 2+ -induced seizures, although the latter showed slightly more variability with respect to within-burst directionality. Specifically, in 1/6 slices we did observe a late switch from ventral-leading to dorsal-leading 'intra-ictal' discharges as has been reported previously in neocortical slices prepared from juvenile mice (Trevelyan et al. 2007a) , although this was not the case in the majority of our recordings. The ictal-like events recorded by Trevelyan et al. (2007a) do not appear to display any common directionality, so, as with the initiation of seizure events, it may be that the specific functional anatomical organization of the mEC lends itself to intra-ictal events generally maintaining a ventral-to-dorsal directionality throughout an ictal discharge. It is also possible that differences in the age of the mice from which slices were prepared may play a role in the discrepancy between our data (aged 6-12 weeks) and those of , as dorsal and ventral mEC neurons undergo differential functional developmental changes during this period (Boehlen et al. 2010) , which may affect the dynamics of burst propagation. Given that axonal action potential conduction velocity and synaptic transmission are several orders of magnitude faster than the ictal propagation speed, we reasoned that some other physiological process must constrain the spread of activity. We consequently hypothesized that ictal propagation is constrained by differential levels of GABAergic control along the dorso-ventral axis of the mEC (Beed et al. 2013; Booth et al. 2016) . In support of this, we found that application of pharmacological agents that increased (diazepam) or decreased (Ro19-4603) postsynaptic GABA A receptor activation, respectively, reduced or increased the slope of ictal initiation (Fig. 6) . In this context, it is pertinent to note that mEC stellate cells are unlikely to form large numbers of recurrent excitatory connections, with less than 1 in 500 pairs of stellate cells being synaptically coupled (Couey et al. 2013; Pastoll et al. 2013) . Fast spiking GABAergic interneurons, in contrast, form a powerful recurrent inhibitory circuit, with stellate cells connecting primarily to interneurons which in turn predominantly project back onto other stellate cells (Couey et al. 2013; Buetfering et al. 2014) . In this situation, the anatomical arrangement of such inhibitory connections will have strong implications for the generation of epileptiform events. Dorsal mEC stellate cells receive a greater number of inhibitory inputs than those in ventral mEC, but perhaps more significantly, they receive a greater proportion of their inputs from more distal inhibitory neurons (Beed et al. 2013) . This would therefore suggest that ictal events would need to overcome an increasing level of feed-forward inhibition as they travel from ventral to dorsal mEC.
Numerous reports suggest the activity of GABAergic interneurons regulates seizure-like activity (Dichter & Spencer, 1969; Prince & Wong, 1981; Schwartz & Bonhoeffer, 2001; Trevelyan et al. 2006 Trevelyan et al. , 2007b Trevelyan, 2009) . The period immediately before ictal events can be characterized by an increased interneuron firing that reaches its peak at ictal onset, while the activity of principal cells does not change until after initiation (Ziburkus et al. 2006; Lévesque et al. 2016) . The activation of PV-positive GABAergic interneurons is capable of suppressing ictal seizure propagation in cortico-hippocampal circuits, Continuous line represents mean (± SEM shown by shaded areas). D, mean (±SEM) time until first epileptic event is shorter in ventral than dorsal mEC (paired t test P = 0.013, n = 8 slices from 5 animals). E, average cross correlation between dorsal and ventral events (n = 8 slices from 5 animals) showing peak lag time >0 s. * P < 0.05. through feed-forward inhibition (Trevelyan et al. 2006; Schevon et al. 2012; Cammarota et al. 2013; Sessolo et al. 2015; Lu et al. 2016) . However, under certain conditions activation of these cells may favour seizure initiation (Avoli & de Curtis, 2011; Sessolo et al. 2015) . These reports may suggest, in contrast to our findings, that ictal-like activity would be more likely to originate from areas where inhibition is more dominant. However, it is important to distinguish between the spread, or recruitment, of ictal-like activity and the direct trigger for seizure initiation, which may still occur upstream of the recording location. Furthermore, it is unclear whether relative differences in inhibitory expression would be relevant in these conditions. Since there is still considerable inhibition in the ventral mEC (Beed et al. 2013) , the dorso-ventral organization of the mEC does not necessarily preclude the interneuron-mediated initiation of ictal events in ventral areas, which may be more vulnerable due to the higher levels of intrinsic neuronal excitability in this region (Garden et al. 2008; Giocomo & Hasselmo, 2009; Boehlen et al. 2010; Booth et al. 2016) . Nevertheless, taken together, our findings suggest that GABAergic systems act to control the propagation of seizure-like events. Coupled with the high density of showing desynchronized bursting in dorsal and ventral mEC (scale bar 0.2 mV, 2 s). E, average cross correlation of cut slices (n = 4 slices from 4 animals) compared to controls (n = 8 slices from 5 animals) (a) shows significant decrease in correlation of epileptic bursts (b) (unpaired t test P = 0.031). * P < 0.05. F, decreased average burst frequency in dorsal mEC in cut slices compared to control. G, bar graph showing mean (±SEM) time in seconds until first recording epileptic event is also shorter in ventral than dorsal mEC when ends are separated ( * paired t test P = 0.026) (n = 4 slices from 4 animals).
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PV-positive staining in the dorsal mEC, this may suggest that the dorsal mEC would be less likely to initiate an ictal bursts than the ventral mEC. Epileptiform discharges have been shown to originate in both deep and superficial areas (Avoli et al. 2002) . Our data suggest that, while ictal-like activity consistently originates from ventral regions, there was no preference for bursting to initiate in either the deep or superficial layers of mEC. While this was the case, the location of burst initiation did not affect the dorsal-ventral propagation of ictal activity (Fig. 5) . Inhibitory gradients have previously been reported only in superficial mEC layers (L2/3), with limited PV staining in layer 5 (Beed et al. 2013; Booth et al. 2016) . It is therefore possible that it is the inhibitory organization of layer 2/3 that is largely responsible for the slow propagation across the dorso-ventral axis of the mEC.
The intrinsic properties of mEC stellate cells are also likely to play a role in the organization of hyperexcitable activity. In this regard, it has been widely reported that ventral mEC stellate cells exhibit a higher input resistance, a slower membrane time constant and a lower action potential threshold compared to dorsal mEC stellate cells (Garden et al. 2008; Giocomo & Hasselmo, 2009; Boehlen et al. 2010; Booth et al. 2016) . There are also numerous reports of gradients in I h along the dorso-ventral axis of the mEC, such that I h is more prominent in the dorsal mEC stellate cells (Garden et al. 2008; Giocomo & Hasselmo, 2008; Boehlen et al. 2010) . Combined, these cell-intrinsic properties will produce higher levels of excitability in the ventral mEC, with less current required to produce action potential firing and greater levels of synaptic integration, in part due to the differences in I h -mediated potentials (Garden et al. 2008) . For example, seizure-induced plastic reductions in I h in entorhinal cortex neurons result in substantial increases in neuronal excitability (Shah et al. 2004) . Consequently, even in the absence of GABAergic inhibition, one might expect to observe an increased propensity for epileptiform bursting in the ventral compared to the dorsal mEC. We tested this hypothesis by incubating mEC slices in a blocker of GABA A receptors (picrotoxin) along with a glutamate receptor agonist (kainate) (Fig. 8) . The treatment resulted in interictal-like, but not ictal-like, discharges. We found that not only did the disinhibition-mediated interictal-like discharges develop first in the ventral mEC, but that once bursts were established in both dorsal and ventral ends of the mEC, a cross-correlation analysis of individual bursts revealed that the ventral bursts almost always preceded the dorsal bursts. Furthermore, when the dorsal and ventral poles of the mEC were physically separated with a scalpel cut, we found that bursts recorded from the ventral mEC were of a similar frequency to those in uncut slices, whilst bursts in the dorsal mEC were significantly less frequent than those in the uncut dorsal mEC (Fig. 9) . Presumably, in the uncut slices, the dorsal mEC is entrained to the more frequent disinhibition-mediated epileptiform bursts in the ventral mEC. Taken together, these data suggest that the intrinsic properties and/or excitatory synaptic transmission properties (which are intimately linked; Garden et al. 2008 ) of ventral mEC neurons predispose this region to seizure-like activity, when compared to the dorsal mEC. Dorso-ventral gradients in mEC activity appear to be important for effective spatial information processing, but the anatomical organization of the mEC may leave it vulnerable to disease pathology. For example, we have previously reported that cellular and network properties of the dorsal mEC are preferentially disrupted in a mouse model of dementia (Booth et al. 2016) . Equivalent changes to mEC physiology could also be present under prolonged epileptic conditions, this time with pathology most likely disrupting ventral mEC function. It remains to be seen whether results seen here in parasagittal slices are also relevant in the temporal lobe in vivo, either in rodent models or human patients. However, this study suggests that, within the entorhinal cortex, the ventral portion of the mEC is more likely to initiate seizure activity. Furthermore, investigating means to perturb communication between ventral and dorsal regions might disrupt seizure propagation in vivo, although this may also generate consequences for spatial navigation. Indeed, the relatively slow ventral-dorsal propagation of ictal activity potentially presents an opportunity to intervene in seizureogenisis. For example, it is possible to conceive of a scenario where hyperactivity is detected within the most ventral aspects of mEC and interventions activated, for example optogenetically, that serve to block dorsal-wards spread and subsequent pan-entorhinal hypersynchrony.
